The conduction mechanism in conducting polymers is reviewed and experimental results of temperature dependence of electrical conductivity of PF 6 doped polypyrrole in temperature range of 77 to 300 K are discussed. The roomtemperature conductivity was experimentally determined to be 73 ± 3.4 S/m and temperature dependence follows the Mott's variable range hopping model. The average hopping distance at 298 K was (6.75 ± 0.97) ×10 -8 cm. The coefficient of decay of the localized states, the density states at the Fermi level, and the hopping activation energy were calculated to be (3.5±0.51) ×10 7 cm -1 , (1.92 ± 0.83) ×10 22 cm -3 eV -1 , and 0.040 ± 0.001 eV respectively.
. The molecular bonding orbitals for the 1s, 2p z , 2p x and 2p y orbitals. The 1s and 2p z orbitals contribute to the single bonding. 6 Figure 2 . The two forms of trans-polyacetylene are energetically degenerate. In this diagram, each vertex represents a carbon atom, each line represents a bonding pair of electrons, and all of the hydrogen atoms are omitted, as is conventional. 7 
Charge Carriers in Polymers
Another way to consider this system is as a chain of singly bonded carbons, each with one spare valence electron. Any two adjacent atoms can then share their lone electron to form a double bond; therefore, the energy of such systems as shown in Figure 2 would be lowest. This concept can be extended to the idea that these conjugated, or delocalized, double bonds are able to transport charges effectively within the system. Indeed, such a mechanism for this phenomenon had already been proposed 8 that charge can be carried by quasi-particles such as solitons, polarons, and bipolarons. A soliton is formed when the chain of double bonds is in a state where there is a single atom, which is not sharing its electron with either of its neighboring atoms. In this state, one of the adjacent atoms can change from its state of -bonding with the tertiary atom to a state of -bonding with the primary atom in question. These two states are also degenerate, with each other as well as with the states. Thus, this process can occur both naturally and spontaneously. A soliton can become delocalized and is considered to be the most basic charged carrier in conjugated double bond systems. 6 In other words, it is not likely that a particular electron is moving across the chain of atoms, but rather, it is simply the order of pairing combinations in the polymer, w h i c h changes, allowing the soliton to carry the charge along the chain. This is why the soliton, and related particles, such as the polaron and bipolaron are often referred to as quasi-particles. A soliton is like a fermion in that it has a quantum spin value of ± ½; however, it differs from the traditional charge carrier, electrons, in that it has zero charge. A polaron is another type of charged carrier in conjugated double bond polymers with spin ± ½. Unlike the soliton, however, the polaron has an electric charge of ± e. In many of these types of polymers, it is a common practice to dope the polymer with positively or negatively charged ions in order to make it more electrically conducting. Here, "dopant" is used to mean a chemical additive, which may change the properties of the polymer, as opposed to the more common use of the word in semiconductor physics. When the polymer is doped with negative ions, as is most common, some of the carbon atoms on the chain obtain a positive formal charge. 1 This alteration to the system allows for an additional mechanism for charge transportation; the traditional electron "hole" may transport charge along the polymer chain. The polaron, then, exists as a coupling of this positive charge with the unpaired electron from a soliton. 9 Unlike a soliton, however, the polaron has a certain length, given by the distance between the coupled electron and hole. This distance decreases as the concentration of dopant anions increases. Also, as expected, the number of polarons continues to increase as more ions are added. Note that in both pictures, however, the counter ions are not shown; they cannot be designated to a specific carbon atom because the positive charge is delocalized. 7 When the concentration of counter ions increases past a certain point, two polarons may then couple to form another quasiparticle called a bipolaron. 8, 9 Like polarons, bipolarons have a certain length; this length is now defined by the distance between two of the positively charged atoms. Compared to the soliton and the polaron, the bipolaron is unique in that it is a bosonic particle with quantum spin values of 0 or 1 but a bipolaron will have a charge of ± 2e. The formations of a soliton, a polaron and a bipolaron are depicted in Figure 3 .
Band Gap Theory
The conductive effects of solitons, polarons, and bipolarons can be described effectively using band gap theory. In terms of energy band gap regimes, undoped electrically conducting polymers can be thought of as semiconductors. Therefore, the energy gap between the valence and the conduction band is relatively small, and certain means may be used to allow valence electrons to become excited up into the conduction band. The process of direct ionization requires that an electron must have at least enough energy to jump from the highest occupied energy level to the lowest unoccupied energy level, with no assistance. 10 In a polaron, however, the lowest unoccupied energy level is increased and the highest occupied energy level decreases, by a value corresponding to the polaron's binding energy. Additionally, the energy gap for a bipolaron is decreased even further, by an amount corresponding to the coupling energy of two polarons. The situations are presented in Figure 4 and Figure 5 . Here, the reference level is the Fermi level, E IP-V is half the energy required for the ionization process, and corresponds to the binding energy of the polaron. 10 This concept can be extended to the idea that polymer conductivity may be dependent on dopant concentration. Dopant concentration is directly related to the number of positively charged atoms along the chain, and therefore the concentration of polarons. Subsequently, with increasing numbers of polarons, there will be more polarons coupling to form bipolarons. For incredibly highly doped polymers, the bipolaron's energy levels spread out into new e n e r g y bands, in the same way that traditional atomic energy levels form the conduction and valence energy bands. 10 This results in a minimum energy gap. These energy bands between the original conduction and valence bands allow for a greater population of electrons to carry charge via this new array of available energy levels. This whole process shows how doping electrically conductive polymers can lead to a decreased energy band gap for electronic excitation, which aids in increasing the conductivity of the material.
Variable Range H opping Model Several models 11 have been proposed to describe the conduction mechanisms in conducting polymers. One of the models that describes quantitatively the transportation of charge within the conducting polymers is Mott's variable range hopping model. 12 This model assumes that the charge hops along the polymer chain in the form of a soliton as previously discussed, unlike an electron does in a pure metal conductor. Mott's variable range hopping model relates the conductivity with the temperature, T by the following equation:
The characteristic conductivity, 0 and the characteristic temperature, T 0 can be easily obtained from the temperature dependence of the electrical conductivity, . These variables are related to other key parameters by the following additional equations: 
EXPERIMENT AND RESULTS
Incidentally, the process of synthesizing and doping polypyrrole can be carried out in a single reaction. The reaction of pyrrole monomers to form the polymer, polypyrrole is an oxidation reaction, and because that product needs further oxidized for the addition of negatively charged dopants, it is convenient to carry out both reactions in a single electrochemical cell. The reaction is carried out in a an electrochemical cell, consisting of a simple glass beaker, containing a specially prepared solution at 25 °C for the reaction 3, 4, 13 and using a platinum coated anode (approximately 25 mm x 75 mm x 1 mm). The prepared solution contained 0.288 M pyrrole monomer, 0.054 M KPF 6 , and 0.123 M FeCl 3 dissolved in distilled water. Here, FeCl 3 was used as an oxidizing agent. During the synthesis, 4.2 ± 0.8 V were applied across the electrodes for 1 to 2 hours, 14 after which the polymer film is removed from the anode and left to dry at room temperature for another 24 hours. The polymerization process can be represented schematically in Figure 6 (a) and 6 (b). Various samples were obtained and the best of them were used for the measurements. Typical sample size was 15±1 mm × 3.5±0.5 mm × 0.010±0.005 mm. The four-probe method was used to measure resistance at atmospheric pressure while varying the temperature from 77 K to 300 K. The schematic diagram of the four-probe method is shown in Figure 6 (c). The room temperature resistance measurements show Ohmic behavior of the sample at low voltage and current range as shown in Figure 7 . The electrical conductivity a t room temperature (298 K) and atmospheric pressure was 73 ± 3.4 S/m, obtained from the graph shown in Figure 7 .
The temperature dependence of electrical conductivity is shown in Figure 8 , where ln( ) is plotted versus T -1/4 . A straight line is obtained as suggested by Mott's variable range hopping model. 12 The corresponding equations (Equation 2 to Equation 5) were used to determine the values of the average hopping distance, R, the density of localized states at the Fermi level, N(E F ), and the hopping activation energy, W, and the coefficient of decay of the localized states, . Note that the temperature of liquid nitrogen, 77 K, was not actually achieved; this was simply because the sample was not directly in contact with the nitrogen, and so the system could not cool all the way to 77 K. We start with the assumption that the solitons are the primary charged carriers in conducting polymers. The average hopping distance R, the density of states at the Fermi level N(EF), the hopping activation energy W, and the coefficient of decay of the localized states were then calculated and following values were obtained at 298 K temperature: The mechanism of charge transportation in doped polypyrrole follows the pattern of Mott's variable range hopping model, supported by the experimental data shown in Figure 8 . Additionally, the data shows that conductivity increases as temperature increases. This is the behavior of a typical semiconductor, which can be explained by Band gap theory. The values of the calculated parameters all fall within the same order of magnitude when compared with the corresponding values calculated in References 12 and 15. Although these references represent different polymers and dopants, it shows that the results of this experiment fall in the same range. These references view the conduction mechanism in electrically conducting polymers as charge being carried by polarons and the parameters have been calculated based on doped-polyacetylene while the charged carriers in doped PPy are thought to be bipolarons. 9 However, it is not clear if a bipolaron hops itself or if it breaks into two polarons before hopping. Two polarons can then recombine to form a bipolaron after hoping. Since we obtained parameters, especially average hopping distance, in the same range as calculated for polarons in references 12 and 15, we can conclude based on experimental results that the charged carriers in doped-PPy are polarons with the average hopping distance of approximately (6.75 ± 0.97) ×10 -8 cm. We must note that the parameter values obtained here are based upon studies on polypyrrole, while polyacetylene is another class of electrically conducting polymers. However, polyacetylene and polypyrrole have very different backbone structure.
